Aim/hypothesis. Type 1 diabetes (T1D) is an autoimmune disease with multiple susceptibility genes. The aim of this study was to determine whether combining IDDM1/HLA and IDDM2/insulin (INS) 5′ variable number of tandem repeat locus (VNTR) genotypes improves T1D risk assessment. Methods. Patients with T1D (n=488), control subjects (n=846), and offspring of parents with T1D (n=1122) were IDDM1 and IDDM2 genotyped. Offspring were followed for islet autoantibodies and T1D from birth until the age of 2 to 12 years. Results. Compared to the I/I INS VNTR genotype, the I/III and III/III genotypes reduced T1D risk conferred by IDDM1/HLA in all HLA genotype categories of the case-control cohort by 1.6-fold to three-fold. The highest T1D risk was associated with INS VNTR class I/I plus HLA DR3/DR4-DQ8 (20.4% in patients, 0.6% in control subjects) or HLA DR4-DQ8/DR4-DQ8 (6.3% in patients, 0.2% in control subjects). In the offspring, HLA DR3/DR4-DQ8 and DR4-DQ8/DR4-DQ8 conferred increased risk for early development of islet autoantibodies (14.6% and 12.9% by age 2 years). Offspring with these high risk IDDM1 genotypes plus the INS VNTR class I/I genotype (n=71; 6.3%) had the highest risk of developing islet autoantibodies (21.8% by age 2 years vs 8.9% in offspring with high risk IDDM1 plus INS VNTR class I/III or III/III genotypes, p<0.05) and T1D (8.5% by age 6 years vs 4.3%). Offspring who developed autoantibodies to multiple antigens had increased frequencies of both high risk IDDM1 and IDDM2 genotypes (p<0.0001), whereas offspring who developed autoantibodies to GAD only had increased frequencies of high risk IDDM1 and protective IDDM2 genotypes, suggesting that IDDM2 influences the autoimmune target specificity. Conclusion/Interpretation. Combining IDDM1 and IDDM2 genotyping identifies a minority of children with an increased T1D risk. [Diabetologia (2003) 46:712-720] 
Type 1 diabetes (T1D) is an autoimmune disease with multiple susceptibility genes [1, 2] . The major susceptibility genes are found within the HLA class II region of chromosome 6 (IDDM1). A second genetic susceptibility locus has been mapped by a variable number of tandem repeat (VNTR) in the insulin gene (INS) promoter region (IDDM2) [3, 4] . Identification of T1D-prone individuals through genotyping would facilitate prospective investigation of early environmental triggers and primary intervention trials. Such studies would become feasible if they could include only subjects with highest T1D risk and if early outcome markers were identified. Several prospective studies have shown that the islet autoimmunity that precedes T1D onset can be seen very early in life and can be used as an outcome marker to study triggers of autoimmunity [5, 6, 7] . We, and others, have shown that IDDM1 genotyping can identify newborns with an increased risk of developing T1D-associated autoimmunity [8, 9, 10] . Here we determine whether combining IDDM1 and IDDM2 genotyping improves risk assessment. We identify IDDM1 and IDDM2 T1D risk genotypes in a case-control cohort from Germany, and subsequently evaluate the predictive value of genetic pre-screening by follow-up for autoimmunity and T1D within the prospective BABYDIAB newborn offspring study. By combining IDDM1 and IDDM2 genotyping it was possible to identify a minority of newborns of parents with T1D who had a greater than 20% risk to develop persistent multiple islet autoantibodies by the age of 2 years and almost 10% risk to develop T1D by the age of 6 years. These findings allow primary intervention programs to delay T1D onset to be seriously considered and designed.
Subjects and Methods
Subjects. DNA samples were obtained from a total of 538 Caucasian patients with T1D from Germany. These were parents of children who participated in the BABYDIAB study [5] . Their mean (SD) age of T1D onset was 17.5 (+8.5) years, 397 were female, 66 had a first degree relative (parent or sibling) with T1D, and 53% were living in the northern half of Germany (Zip code 01558-59889). The female bias in patients was due to a recruitment restriction in the first few years of the BABYDIAB study allowing only families in which mothers had T1D to participate. As control subjects, DNA was obtained from the non-diabetic parents of the BABYDIAB children (n=610) and from 307 unrelated non-diabetic volunteers without family history of T1D (45% were females and 55% were living in the northern half of Germany). DNA samples were also obtained from 1249 offspring of mothers (n=785), fathers (n=436), or both parents (n=28) with T1D. All offspring were participating in the German BABYDIAB study and were prospectively followed from birth in regular intervals up to the age of 12 years (median follow-up time 5.6 years; range 1.3-12.3 years) [5] . During follow-up T1D-associated islet autoantibodies [insulin autoantibodies (IAA), GAD autoantibodies, antibodies to the protein tyrosine phosphatase IA-2, and islet cell autoantibodies] were measured at 9 months, 2 years, 5 years, 8 years, and 11 years of age. Children with positive autoantibodies were followed with blood samples at 6 to 12 month intervals. Of the 1249 offspring, 63 have developed persistent (positive in at least two consecutive samples) islet autoantibodies, including 40 with autoantibodies to more than one antigen (multiple autoantibodies). Of these 63, 19 developed persistent islet autoantibodies by 9 months, an additional 25 by 2 years, an additional 15 by 5 years, and an additional 4 by 8 years. 18 offspring with persistent islet autoantibodies and none of the islet autoantibody negative offspring have developed T1D. IDDM1 HLA DR-DQ genotyping and IDDM2 INS VNTR genotyping was carried out on 488 T1D patients, 846 control subjects and 1122 offspring. The remaining 50 patients, 71 control subjects and 127 offspring were IDDM1 HLA DR-DQ genotyped only. Written informed consent was obtained from all subjects who participated in the study. The study was approved by the Bayerische Landesärzte-kammer ethical committee (Nr. 95357).
HLA typing. HLA-DRB1-DQA1 and -DQB1 alleles were typed using polymerase chain reaction (PCR)-amplified DNA and non-radioactive oligonucleotide probes (sequence-specific oligonucleotide typing SSO) in the laboratories of Ekkehard Albert (Ludwig-Maximilians-University, Munich). Genomic DNA was isolated from fresh peripheral blood cells (EDTAblood) and diluted to 250 µg/ml in TE buffer and stored at −20°C until use. Genomic DNA (1 µg) was amplified by PCR using DRB1, DQB1 or DQA1 generic primers, spotted onto nylon membranes (Roche, Mannheim, Germany) and hybridized with 15 DRB1-, 17 DQA1-or 20 DQB1-allele-specific oligonucleotides, respectively. The hybridized oligonucleotides 3′end labelled with digoxigenin-11-2′,3′-dideoxyuridine-5′-triphosphate (Roche) were detected using anti-dioxigenin-AP Fab fragments (Roche) and visualized with the chemiluminescent substrate CSPD (Roche).
INS VNTR.
Subjects were typed using HphI digestion of PCR amplification products of the region of interest as previously described [3] . PCR amplification was carried out in 96-well microtitre plates. Each 25 µl reaction tube contained 100 ng DNA, 2.5 µl 10 × reaction buffer (Eppendorf, Hamburg, Germany), 200 mmol/l desoxynucleotide triphosphate (dNTP)-Mix, 1.0 ng from each primer, 5.0 µl Taq-Enhancer (Eppendorf) and 0.5 U of Taq-Polymerase (Eppendorf). The PCR was carried out in 32 cycles (94°C 20 s, 57°C/15 s, 72°C/30 s). Primers for PCR were: 23 HphI 360F 5′-AGCAGGTC-TGTTCCAAGG-3′ and 23 HphI 360R 5′-CTTGGGTGTG-TAGAAGAAGC-3′. 25 µl of each PCR product was digested in 2 U of HphI at 37°C for 2 h, and each digested product was detected by ethidium bromide staining after electrophoresis in a 3% NuSieve gel (FMC BioProducts, Rockland, Me., USA).
Islet Autoantibody. Testing Autoantibodies to insulin (IAA), GAD, and IA-2 were measured in offspring samples by radiobinding assays [5, 7] . The upper limit of normal was defined by q-q plots [5] . Using these thresholds for positivity, the assays had sensitivities and specificities of 80% and 94% (GAD antibodies), 58% and 100% (IA-2 antibodies), and 30% and 98% (IAA) in the First DASP Proficiency [11] .
Statistical analysis. Allele, haplotype, and genotype frequencies were calculated for patients and the control group. Where both parents and offspring were typed, haplotypes were unambiguously defined by transmission. In families where unambiguous haplotype could not be defined, haplotypes were assigned by known HLA-DRB1-DQA1-DQB1 combinations. Odds Ratios and their p values were calculated by logistic regression, using Stata Statistical Software, Release 7.0 (Stata, College Station, Tex., USA). The Chi-square test for trend was used to compare genotype frequencies between age groups. Fisher's exact test was used to compare genotype frequencies between multiplex and single case families. Life table analysis was used to calculate the cumulative islet autoantibody frequency (positive predictive value) [8] using the Statistical Package for Social Science (SPSS, Chicago, Ill., USA). A p value of less than 0.05 was considered statistically significant.
Results

HLA-DRB1-DQA1-DQB1 genotypes in patients, controls and offspring cohorts.
HLA-DRB1-DQA1-DQB1 genotypes conferring T1D susceptibility or protection in the case-control cohort are shown in Table 1 . Patients who developed T1D before the age of 10 years (n=104) had a higher frequency of the very high risk DRB1*03-DQA1*0501-DQB1*0201/ DRB1*04-DQA1*0301-DQB1*0302 (DR3/DR4-DQ8) genotype than patients who developed T1D after the age of 10 years (36.5% vs 24.1%, p <0.02, Table 2 ). Patients who had first degree relatives with T1D (n=66) had a higher frequency of the high risk DRB1*04-DQA1*0301-DQB1*0302/DRB1*04-DQA1 *0301-DQB1*0302 (DR4-DQ8/DR4-DQ8) genotype than patients without a family history of T1D (18.1% vs 8.1%, p <0.05). No differences were observed in genotype frequencies between male and female patients (very high risk: 22.7% vs 28.0%; high risk: 9.2% vs 9.3%; moderate DR4-DQ8:15.6% vs 15.6%; Moderate DR3:13.5% vs 9.8%; neutral: 29.8% vs 30.7%; protective: 9.2 vs 6.5%) or between male and female control subjects. Within the case-control cohort, DQ8 conferred a lower susceptibility when together with DRB1*0402, DRB1*0403, or DRB1*0404 alleles than with DRB1*0401 (all p<0.02; data not shown).
The high-risk HLA DR3/DR4-DQ8 and DR4-DQ8/DR4-DQ8 genotypes were found in 155 (8% and 4.4%, respectively) of 1249 offspring from patients with T1D. A further 122 (9.8%) offspring had DR4-DQ8 genotypes conferring moderate T1D risk, and 61 (4.9%) offspring had DR3 genotypes conferring moderate risk (Table 1 ). DQ8 haplotypes with the less susceptible DRB1*04 alleles were found in 20 (*0402), 4 (*0403), and 41 (*0404) of the 1249 offspring (data not shown).
INS VNTR genotype frequency. The INS VNTR class I allele frequency in patients was 86.5% compared with 75% in control subjects (p <0.0001). The I/I, I/III, and III/III genotypes were found in 75%, 23.2%, and 1.8% of patients with T1D compared to 56%, 37.2%, and 6.8% of control subjects (p <0.0001; Table 2 ). This difference was similar in males (78.1%, 19.5%, 2.3% in patients vs 54.9%, 38.3%, 6.8% in control subjects, p <0.0001) and females (73.9%, 24.1%, 1.7% in patients vs 57.5%, 35.2%, 7.3% in control subjects, p <0.0001). T1D risk was reduced for both class I/III 
HLA-DRB1-DQA1-DQB1-INS VNTR genotypes and autoantibody/T1D risk in offspring.
The cumulative frequency of islet autoantibodies and T1D in offspring according to HLA-DRB1-DQA1-DQB1 genotype is shown in Table 3 and Fig. 1 . Autoantibody frequency was highest in offspring with the HLA DR3/DR4-DQ8 DR3/DR4-DQ8, and eight the HLA DR4-DQ8/DR4-DQ8 genotypes, nine had protective and 16 neutral genotypes. Offspring who developed persistent autoantibodies to more than one antigen (n=40) had similar DRB1-DQA1-DQB1 genotypes to patients with T1D onset with an increase in DR3/DR4-DQ8 and DR4-DQ8/DR4-DQ8 genotypes (p<0.0001 vs antibody negative offspring; Fig. 3A) . Children who developed GAD antibodies only (n=11) also had a higher prevalence of high risk HLA genotypes (p<0.02). In contrast, offspring who developed persistent IAA only (n=12) had remarkably similar HLA-DRB1-DQA1-DQB1 genotypes to offspring who remained autoantibody negative and control subjects. Most (7 of 9) islet autoantibody positive offspring with protective HLA-DRB1-DQA1-DQB1 genotypes had IAA only. IAA in these offspring were not maternally acquired (developed at or after age 2 years), were persistent, and were similar in titre to IAA in offspring with multiple islet autoantibodies (data not shown). INS VNTR genotypes also showed differences between antibody positive offspring (Fig. 3B) . Notably, the protective INS VNTR class III/III genotype was found in 3 (27%) of 11 offspring with GAD antibodies only and in none of 51 offspring with IAA (p<0.02 GAD antibody only vs 0% in multiple or IAA only; p<0.01 vs 3.3% in autoantibody negative offspring).
The number and target specificity of autoantibodies was influenced by the combination of IDDM1 and IDDM2 genotypes (Fig. 3C) . Multiple autoantibodies were associated with both IDDM1 and IDDM2 high risk genotypes: 16 of 39 offspring with multiple autoantibodies (all IAA and GAD antibody positive) had both IDDM1 (HLA DR3/DR4-DQ8 or DR4-DQ8/ DR4-DQ8) and IDDM2 (INS VNTR class I/I) highrisk genotypes (p<0.0001 versus autoantibody negative offspring). Offspring who developed autoantibodies to GAD only had an increased prevalence of highrisk IDDM1 genotypes in the absence of high-risk IDDM2 genotypes (27% versus 2.7% in autoantibody negative offspring; p<0.005). IDDM1 and IDDM2 genotypes in offspring with persistent IAA only were similar to those in the autoantibody negative offspring and showed no enrichment of the high-risk genotypes. IA-2 antibodies were only found in offspring with multiple antibodies and were associated with both high risk IDDM1 and IDDM2 genotypes.
Discussion
This study classifies T1D risk on the basis of IDDM1 and IDDM2 genotyping. It identifies and stratifies individual HLA class II genotypes conferring different risks for T1D, confirms the separate contribution of the HLA-DRB1 locus to T1D risk, and demonstrates that the IDDM2 gene confers additional risk above 
HLA-DRB1-DQA1-DQB1-INS VNTR genotypes and autoantibody target antigen.
Persistent non-maternally acquired islet autoantibodies developed in 63 of the HLA typed offspring: 18 of these had the HLA that of IDDM1, regardless of IDDM1 genotype. Follow-up of over 1200 offspring of parents with T1D demonstrated that early T1D-associated autoimmunity and T1D was frequent only in children who had the high-risk IDDM1 genotypes and was most frequent in children who had combinations of both high risk IDDM1 and IDDM2 genotypes.
High risk IDDM1 genotypes in Germany were similar to those of other Caucasian populations [12, 13, 14, 15, 16] . Consistent with the high T1D risk conferred by the DR3/DR4-DQ8 and DR4-DQ8/DR4-DQ8 genotypes, a markedly increased risk of developing islet autoantibodies in the first years of life was observed for DR3/DR4-DQ8 or DR4-DQ8/DR4-DQ8 offspring of parents with T1D. The marked risk in the offspring with HLA-DR4-DQ8/DR4-DQ8 (similar to that of DR3/4) is consistent with the high prevalence of this genotype found in T1D patients who had a first degree relative with T1D. A novel finding was that offspring with other DR4 containing T1D risk genotypes, but not those with DR3 containing risk genotypes had an increased likelihood of developing islet autoantibodies.
IDDM2 genotyping was done in order to determine whether its addition to IDDM1 genotyping might improve prediction of offspring who will develop T1D. The contribution of IDDM2 to T1D risk has been consistently demonstrated by others [3, 17, 18, 19] . However, it remains unclear whether risk is modified equally in subjects with different IDDM1 genotypes. Data from the Belgium diabetes registry showed that IDDM2 conferred increased risk only in subjects with moderate risk HLA DR-DQ genotypes suggesting that there was interaction between these genes and that INS VNTR typing in subjects with high-risk IDDM1 genotypes would be of limited value [20] . Our data on a larger patient and control cohort found modification of risk in subjects with the high risk and neutral HLA-DR-DQ genotypes. Risk modification was similar in all HLA DR-DQ genotypes, but numbers of patients with protective HLA genotypes and of controls with the high risk genotypes were too small to allow meaningful comparisons. We therefore cannot exclude that IDDM2 modifies risk less in subjects with very high risk IDDM1 genotypes than in subjects with moderate risk genotypes, as suggested by the Belgian data. Within subjects with the high risk IDDM1 HLA DR3/DR4-DQ8 genotype, the INS VNTR class I/III or III/III genotypes was associated with more than twofold lower T1D risk than the class I/I genotype. Moreover, risk for T1D-associated autoantibody development in offspring was more than two-fold lower in DR3/DR4-DQ8 or DR4-DQ8/DR4-DQ8 offspring who also carried the INS VNTR class I/III or III/III genotypes compared to those who had the class I/I genotypes. Autoantibody risk in the offspring without high risk HLA genotypes was not modified by the INS VNTR genotypes. However, numbers of autoantibody offspring with non-high risk HLA risk genotypes was low and it remains to be determined whether INS VNTR can stratify risk in these offspring.
The class III allele of IDDM2 has been suggested to lower T1D risk by increasing immune tolerance to insulin and its precursors via increasing expression of the autoantigen in the thymus [21, 22] . The suggested model implies that insulin autoimmunity and therefore IAA would develop more frequently in individuals with the INS VNTR class I/I genotype than in individuals with the class I/III or III/III genotypes. Evidence in support of this was recently provided by the finding that the number of INS VNTR class I alleles was directly proportional to the prevalence of IAA at T1D onset [23] . The BABYDIAB offspring cohort provided a unique opportunity to test the hypothesis since autoantibodies were measured prospectively throughout the pre-diabetic period. This allowed assessment of genetic associations with the development of IAA per se and not just in those who subsequently develop T1D. IAA are the earliest autoantibodies that are detected in this cohort of children [5] . These are not ma- ternally acquired antibodies and are persistent in the majority of cases [7] . Most children who develop IAA often also develop antibodies to GAD and/or IA-2 (multiple islet antibodies), and these children have the highest T1D risk. A minority of children develop GAD antibodies without ever becoming IAA positive. We therefore compared IDDM1 and IDDM2 genotypes in children with multiple islet autoantibodies (IAA and GAD antibody positive) to those with single antibodies and to islet autoantibody negative children. Children with both IAA and GAD antibodies had similar HLA and INS VNTR genotypes to patients with T1D. Multiple islet antibodies developed most frequently when offspring had both high risk IDDM1 and INS VNTR class I/I genotypes. Children with GAD antibodies but no IAA also had an increase in high risk IDDM1 genotype frequency, but in contrast to IAA positive children, had an excess of the protective INS VNTR class III/III genotype. This genotype was in 27% (3/11) of children with GAD antibodies only, but was not found in any of the 51 IAA positive children. Although the number of subjects developing GAD antibodies only was small, these data suggest that the development of IAA is prevented in the absence of INS VNTR class I alleles and are consistent with the hypothesis proposed by the other studies. The new finding that one copy of the class III INS VNTR reduces risk of disease and autoantibody development, with two copies of this allele providing a further risk reduction is also consistent with a peptide-HLA class II-T cell receptor affinity mechanism underlying the association of IDDM1/HLA with T1D and its relationship with IDDM2/INS VNTR [14, 21, 22] . Previously, it was concluded that IDDM2 was a recessive susceptibility locus or a dominant protective locus [3] , but this is clearly not the case, as shown in a large family study (I.A. Eaves, B.J. Barratt, J.A. Todd, in preparation). An additional surprising finding was that the development of IAA without spreading to GAD or IA-2 antibodies was not associated with T1D risk IDDM1 genotypes. This implies that persistent IAA in isolation are unlikely to be associated with high T1D risk. The modification of T1D risk conferred by IDDM2 to IDDM1 for developing T1D-associated autoimmunity to multiple autoantigens should improve our ability to identify at risk subjects from an early age. Several studies are under way to intensively follow, or to undertake primary prevention trials in, children at high risk for T1D [5, 6, 9, 10, 24] . Selection of children to be included into these studies is likely to be benefited by increased specificity since both intensive follow-up and primary intervention can be a burden to the family. The risk of T1D even for DR3/DR4-DQ8-positive children can be substantially reduced by possession of one or two INS VNTR class III alleles, and it is anticipated that protective alleles at other disease loci will soon be identified, such as CTLA4 (J.A. Todd, unpublished). It is, therefore, conceivable that a
